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I .  Introduction 

Glaucoma  is  a  potentially  blinding  disease  due  to 
progressive  optic  nerve  damage.  This  optic  nerve  damage  is 
usually  associated  with  elevated  intraocular  pressure  above 
21  mmHg,  although  glaucomatous  optic  nerve  damage  may  occur 
even  in  the  absence  of  an  elevated  intraocular  pressure. 
Typically,  patients  with  glaucoma  initially  lose  peripheral 
vision  then  gradually  lose  visual  acuity. 

Glaucoma  is  among  the  leading  causes  of  blindness  in 
the  United  States  and  other  industrialized  countries.1,2  At 
least  2  million  Americans  have  the  disease,  and  nearly 
80,000  Americans  are  blind  from  glaucoma.  Certain  subsets 
of  the  US  population  have  an  even  higher  prevalence  of 
glaucoma  than  the  general  population.  Recently,  it  has 
become  clear  that  glaucoma  is  the  leading  cause  of  blindness 
among  African  Americans.3'9  In  the  Baltimore  eye  survey, 
African  Americans  had  a  prevalence  of  open-angle  glaucoma 
four  to  five  times  higher  than  whites,  with  a  prevalence  of 
glaucoma  as  high  as  11%  in  those  80  years  or  older.10 

Laser  therapy  has  been  useful  for  non-invasive 
treatment  of  angle-closure  glaucoma11  and  open-angle 
glaucoma.12,13  Laser  iridectomy  is  an  effective  procedure  for 
the  treatment  of  angle  closure  glaucoma.  Similarly,  laser 
trabeculoplasty  is  effective,  with  50%  success  rate  after  5 
years.14  Moreover,  laser  sclerostomy  shows  promise  as  a 
definitive  procedure  for  the  treatment  of  intractable 
glaucoma.15 

Argon  ion  lasers  are  commonly  used  in  the  treatment  of 
glaucoma  as  well  as  other  ophthalmic  diseases.  For  example, 
retinal  diseases  such  as  macular  degeneration  that  are 
caused  by  leakage  of  blood  from  vessels  near  the  optic  nerve 
are  treated  by  photocoagulation.  Glaucoma  is  routinely 
treated  by  iridectomy  and  trabeculoplasty  using  argon  ion 
lasers.  Other  procedures  such  as  vitrectomy  commonly 
involve  the  use  of  argon  ion  lasers.  The  argon  ion  laser 
is,  in  many  cases,  the  standard  of  care  with  a  long  and  well 
established  clinical  history. 

The  typical  argon  ion  laser  used  in  many  of  the 
procedures  above  has  continuous  wave  (cw)  output  power  in 
the  range  of  0.5  to  1.5  w.  The  laser  wavelength  is  514  nm. 
Commonly  the  lasers  are  relatively  large  and  often  require 

208  volt  3<}>  power  and  water  cooling.  Although 
manufacturers  have  made'  impressive  improvements  in  the 
reliability  of  the  lasers,  there  remains  a  relatively  high 
maintenance  tube  that  must  be  replaced  at  high  cost  to  the 
user. 

Recently,  the  development  of  high  power  diode  pumped 
lasers  makes  possible  an  all  solid  state  replacement  to  the 
argon  ion  laser.  Specifically  a  number  of  groups  have  now 
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reported  frequency  doubled,  diode  pumped,  Nd : YAG  lasers  with 
output  power  in  excess  of  1  w  at  532  nm.  Such  lasers  can 
operate  from  common  110V  AC  sources,  require  only  air 
cooling,  and  are  potentially  maintenance  free.  Their 
clinical  performance  may  be  reasonably  expected  to  be 
largely  similar  to  that  of  the  argon  ion  laser  and  this 
laser  should  be  relatively  well  accepted  by  the  ophthalmic 
community. 

Recently,  researchers  at  the  Air  Force  Laboratory  (PL) 
have  demonstrated  a  cw  2.0  w  output  power,  frequency  doubled 
Nd:YAG  laser  pumped  by  diode  laser  sources.28  This  laser 
is  a  strong  candidate  to  replace  a  number  of  lasers, 
particularly  ion  lasers,  in  ophthamology .  Fiberoptic 
Fabrications  Inc.  (FFI),  in  collaboration  with  the 
Massachusetts  Eye  and  Ear  Infirmary  (MEEI ) ,  has  investigated 
the  use  of  the  diode  pumped  cw  frequency  doubled  YAG  laser 
for  noninvasive  therapy  of  glaucoma.  The  work  has 
demonstrated  the  safety  of  the  cw  frequency  doubled  YAG 
laser  for  the  treatment  of  glaucoma.  In  addition  the 
development  of  the  PL  design  into  a  commercially  viable 
laser  source  has  been  undertaken.  The  resulting  product 
will  be  marketed  throughout  the  CeramOptec  group  of 
companies.  This  international  group  of  companies  already 
markets  lasers  and  laser  delivery  systems  developed  and 
manufactured  by  Fiberoptics  Fabrications  Inc. 

The  diode  pumped  frequency  doubled  YAG  laser  can  be 
expected  to  produce  very  similar  tissue  response  as  that  to 
the  argon  ion  laser.  The  mode  of  operation  of  the  two  lasers 
is  the  same  (cw)  and  the  available  power  similar.  The  key 
difference  among  the  two  lasers  is  the  output  wavelength. 

The  ion  laser  operates  at  514  nm  while  the  frequency  doubled 
YAG  operates  at  532  nm.  This  small  difference  in  wavelength 
results  in  greater  depth  of  penetration  of  the  frequency 
doubled  YAG  laser  into  the  tissue  and  stronger  absorption  by 
oxy-hemoglobin.  This  small  but  significant  difference  may 
suggest  a  modified  treatment  protocol.  Investigation  of  the 
safety  of  the  cw  frequency  doubled  YAG  laser  was  the  key 
objective  of  the  Phase  I  effort.  The  work  was  carried  out  in 
collaboration  with  the  MEEI. 

Based  on  the  discussion  above,  the  key  objectives  for 
the  Phase  I  effort  were  established  as  follows: 

1.  Assemble  a  laser  system  based  on  the  PL  design  for 
use  in  studies  assessing  the  safety  of  the  frequency 
doubled  Nd: YAG  laser.  Modify  a  slit  lamp  to  permit 
delivery  of  the  laser  output  in  conjunction  with  a 
goneoscopic  lens. 

2.  Evaluate  the  use  of  the  frequency  doubled  YAG  laser 
for  the  noninvasive  therapy  of  glaucoma.  Compare  the 
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response  of  ocular  tissue  to  this  laser  with  the 
response  obtained  using  an  argon  ion  laser  at  identical 
parameters.  In-vitro  procedures  to  be  tested  included 
peripheral  iridectomy,  laser  trabeculoplasty  and  laser 
sclerostomy.  These  procedures  will  then  be  performed 
in  experimental  animals  in  vivo  to  asses  the  safety  of 
•  the  laser. 

3.  Investigate  the  use  of  proprietary  high  brightness 
diode  laser  coupling  optical  fibers  to  improve  the  PL 
design.  The  use  of  high  brightness  diode  laser  coupling 
optical  fibers  will  permit  operation  of  the  PL  laser  at 
higher  output  power  from  a  reduced  component  count. 

The  work  performed  to  meet  these  objectives  is  now 
presented. 


II.  Detailed  Desciption  of  Phase  I  Results 
II. 1  Objective  1)  Laser  Development. 

The  first  objective  outlined  above  was  to  analyze  the 
PL  laser  design  and  to  assemble  a  laser  of  that  design  for 
use  in  the  studies  at  the  collaborators's  site.  Both 
computer  modeling  and  experimental  studies  were  carried  out 
resulting  in  a  packged  prototype  laser  used  at  the  MEEI .  The 
modeling  and  experimental  results  follow. 

Laser  Design 

There  are  a  number  of  factors  to  be  considered  while 
addressing  the  design  of  this  laser.  First,  since  this 
laser  will  operate  in  continuous  wave  mode  (cw)  frequency 
doubling  will  need  to  be  carried  out  intracavity  where  power 
density  can  be  high  enough  to  obtain  second  harmonic 
generation.  Since  beam  quality  and  efficiency  are  key 
elements,  pumping  of  the  lasers  must  be  in  the  end  pumped 
configuration.  In  end  pumped  lasers,  the  pumped  volume  can 
be  made  to  overlap  the  mode  volume  of  lowest  (TEMoo)  mode  of 
the  resonator  thus  achieving  both  high  efficiency  and  good 
beam  quality.  Not  surprising,  both  lasers  reported  in  the 
literature  and  considered  as  potential  candidates  were  end 
pumped  lasers.  > 

There  were  two  designs  that  have  recently  been 
described  in  the  literature  that  were  considered.  One 
design  by  D.  C.  Hanna  of  South  Hampton  University  uses  a 
ring  resonator  and  a  20  w  diode  pump.  The  ring  design 
avoids  hole  burning  in  the  gain  medium  and  results  in  single 
frequency  operation.  This  design  does  suffer  somewhat  since 
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the  gain  medium  is  single  passed  resulting  in  higher  lasing 
threshold.  In  addition,  the  laser  requires  a  Faraday 
rotator  to  insure  unidirectional  operation,  a  costly 
component . 

A  simpler  design  was  described  by  Durkin  and  Post  of 
the  PL.  Their  design  uses  a  folded  Z  as  shown  below.  The 
design  has  several  features 


HR  1064  nm 
HT  532  nm 


Figure  1 

Folded  Resonator  Design 


that  can  reduce  the  cost  of  the  laser  system.  First,  by 
locating  the  YAG  crystal  at  the  apex  of  one  of  the  folds  in 
the  cavity,  the  crystal  is  traversed  four  times  each  round 
trip  of  the  radiation.  This  permits  the  use  of  a  smaller 
(lower  cost)  crystal.  The  KTP  crystal  is  double  passed, 
again  allowing  the  use  of  a  shorter  crystal,  and  the  system 

needs  no  costly  Faraday  rotator.  If  the  angle  4>  is  chosen 
carefully,  it  can  be  made  to  match  the  numerical  aperture  of 
the  fiber  that  delivers  the  pump  radiation,  making  the 
coupling  optics  trivial  (actually,  they  simply  disappear) . 
Thus  the  system  is  potentially  very  inexpensive. 

Having  chosen  this 'design,  the  selection  of  actual 
components  is  straight  forward.  First,  in  order  to  achieve 
reasonable  doubling  efficiency,  a  tight  beam  waist  is 
desired  at  the  KTP  crystal.  Currently,  about  16  watts  can 
be  delivered  to  the  YAG  crystal  by  means  of  a  single  600um 
fiber  0.2NA.  The  maximum  power  density  at  the  crystal 
without  the  use  of  coupling  optics  is  given  by 
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Praax  =  16watts  =  5.6xl03  watts/cm2 
Af 


1) 


which  will  be  shown  to  be  far  above  the  needed  power 
density.  The  angle  <j>  in  Figure  1  is  established  by  the  fiber 
NA  to  be  on  the  order  of  20°. 

The  process  of  selecting  components  according  to  the 
criteria  described  has  been  divided  into  three  parts.  One 
part  is  guided  by  modeling  of  the  intracavity  doubling 
problem  and  serves  to  select  the  KTP  crystal  and  the  beam 
geometry  at  the  YAG  and  KTP  crystals.  Next,  a  resonator  is 
designed  that  achieves  these  values.  Finally  coupling  of 
the  laser  diodes  to  the  resonator  is  considered  with  an  eye 
on  reducing  system  complexity  and  avoiding  existing  patents. 

Laser  Modeling 

A  simple  model  of  the  laser  can  be  developed  and  used 
to  estimate  the  performance  that  can  be  achieved.  Let  the 
power  of  the  radiation  circulating  inside  the  laser 
resonator  at  1064nm  be  given  by  p.  The  green  power  (Pgr) 
generated  at  the  KTP  crystal  in  two  passes  is  given  by 

Pgr  =  2r|p^ 

Ak 

where  \]  is  the  doubling  efficiency  of  the  crystal,  and  Ak 
the  beam  area  at  the  crystal.  Note  that  for  a  fixed  power  p 
the  generated  green  power  increases  with  decreasing  beam 
area  at  the  KTP  crystal.  r\  can  be  calculated  from  the 
crystal  non  linear  parameters  and  will  be  given  later. 

For  a  cw  laser,  at  steady  state,  the  input  pump  power 
must  be  exactly  balanced  by  the  sum  of  the  radiated  power, 
the  parasitic  losses,  and  the  useful  power  coupled  out  of 
the  laser.  For  the  specific  case  of  a  laser  of  the 
configuration  given  in  Figure  1  one  can  write  a  balance 
equation  as  follows.  First,  imagine  the  laser  as  an 
unfolded,  repeated  sequence  of  round  trip  passes.  In  that 
case,  the  nth  round  trip  is  as  shown  below  in  Figure  2 
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Figure  2 
nth  Round  Trip 

From  the  figure  above,  we  have  for  a  round  trip  the  balance 
equation 

4Pin  =  4Prad  +  (Ploss  "t  Pout)  3) 


The  output  coupled  power  Pout  is  given  by  the  sum  of 
equation  2  plus  the  1.0  6  Jim  radiation  coupled  out  of  the 
resonator.  That  is 

Pout  =  2r|p^_  +  (l-r)p  4) 

Ak  1+r 

Here  r  is  the  output  coupler  reflectivity  at  1.06(im.  The 
parasitic  loss  for  one  pound  trip  is,  again  from  the  figure, 
4  passes  through  the  YAG  crystal  and  two  resonator  passes, 
that  is 

Pioss  =  (4<Xyag  t  2ar)  P  5) 
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Equation  3)  can  be  solved  for  the  radiated  power,  Prad 

Prad  ~  Pin  “  1/4  (Pioss  Pout)  6) 

Pin,  the  input  power  at  the  crystal  is  given  by 

Pin  —  haTlqlldPp  7) 

Here  r|a  is  the  fraction  of  the  incident  power  Pp  that  is 
absorbed  by  the  YAG  crystal.  r|q  is  the  quantum  efficiency 
and  T|d  the  quantum  defect  between  the  pump  photons  (@  808nm) 
and  laser  photons  (@  1064nm)  .  Experience  has  shown  T]q  ~ 
0.95.  Then,  for  the  case  where  85%  of  the  incident  power  is 
absorbed  one  has 


T|aTlq-nd~0. 61  8) 

The  incident  power  Pp  is  just  the  diode  laser  pump  power 
which  in  our  case  can  be  up  to  16  watts. 

Combining  equations  4,  5,  6,  and  7,  the  power  radiated 
by  the  YAG  crystal  is  simply 


Prad  ^haTlaTld-  (HD  +0CYAG+  Or)p  9) 

2Ak  2" 

For  simplicity  we  have  taken  the  case  where  the  resonator 
reflectivity  is  100%  at  1.06um.  At  threshold,  the 
circulating  power  p  is  essentially  zero,  and  one  finds 


Prad  ^a'nq'Hd  Pth  10) 

The  radiated  power  can  also  be  calculated  from  the  number  of 
excited  Nd3+  atoms  in  the  upper  laser  level  (n) 


Prad=nhv  1 1 ) 

x 

Where  hv  is  the  photon  energy,  and  x  the  radiative  lifetime 
of  the  upper  laser  level.  Equation  11)  can  be  multiplied 

and  divided  by  the  product  oeV  where  ce  is  the  estimulated 
emission  crossection  arid  V  the  excited  volume  to  obtain 

Prad=nhVCTeV  =  nhyqelAv  12) 

xceV  xaeV 

Here  1  is  the  YAG  crystal  length  and  Ay  the  beam  diameter  at 
the  YAG  crystal.  The  quantity 
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13) 


n '  oel  ”  9o1t 
v 

is  the  gain  at  threshold.  Similarly  the  quantity 

hv=  I  sat  I4) 

XGe 

is  the  saturation  intensity.  Then  using  12,  13,  and  14  one 
can  write 

Prad  =  go  It  1  sat  Ay  15) 

Using  equation  15,  equation  9  becomes 

g0lTIsatAy=r|ar|qr|dpp-  (tie  +ayAG+  a£)p  l6) 

2Ak  2 

which  can  also  be  expressed 

goiT=Han3ndi£-  (Hi*  +(Xyag+  gh)  Iyag  17) 

I  sat  2  2  I  sat 


Here  Ip  is  the  intensity  of  the  pump  diode  laser  at  the  YAG 
crystal,  Ik  the  beam  intensity  at  the  KTP  crystal,  and  Iyag 
the  beam  intensity  at  the  YAG  crystal. 

For  a  laser  at  steady  state,  the  saturated  gain  is 
equal  to  the  threshold  gain,  this  is 

goli= _ gpl _  18) 

1.0+I/Iaat 

Then,  using  17)  and  noting 

goi=nan3iidie 

I  sat 

one  can  write 

TVHjidlp-  (hlk  +ocYag+  d£)  IYag  =  HaHsIldI^__ 

I  sat  2  2  Isat  1  •  8+  Iyag/ 1  sat 

Next,  the  reduced  intensity  IR  is  defined 

Ir=Iyag/  Isat 


19) 


20) 


21) 
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Then  20  may  be  expressed 


Balblldlp—  (rilk  +aYAG+  a£)  IR=  r^r^riHlp  22) 

I  sat  2  2  1 . 0+IR 


Equation  22  is  conveniently  solved  numerically  on  a 
computer.  The  only  unknown  quantities  are  (assuming  the 
crystal  and  resonator  losses  are  known)  the  beam  areas  at 
the  YAG  crystal  and  the  KTP  crystal,  and  the  reduced 
intensity  IR.  The  beam  areas  are  established  by  the  choice 
of  mirrors  in  the  resonator,  and  can  be  varied  arbitrarily. 
In  the  next  section,  resonator  design  will  be  addressed. 
Here,  Ay  and  Ak  will  be  varied  arbitrarily  until  the  desired 
green  output  is  achieved.  In  the  next  section,  mirrors  and 
dimensions  will  be  adjusted  to  obtain  Ay  and  Ak  as 
established  here. 


Resonator  Design 

The  basic  resonator  geometry  was  selected  as  shown  in 
Figure  1.  It  remains  however  to  select  the  radii  of 
curvature  of  the  mirrors,  the  YAG  crystal,  and  the  spacing 
between  components.  These  are  selected  to  meet  the 
requirements  established  in  the  previous  section.  In 
addition,  one  looks  for  designs  that  have  strong  rejection 
to  high  order  modes.  For  simplicity,  the  design  is  carried 
out  using  Gaussian  beam  propagation.  This  is  really  not  a 
limitation  since  any  other  "real"  beam  can  be  described  by  a 
similar  analysis  using  the  scaling  formalism  described  by 
Siegman  and  Townsend. 

To  analyze  the  resonator  described  in  Figure  1,  a 
computer  program  was  written  that  uses  ABCD  matrices  to 
propagate  a  beam  through  the  various  optical  elements .  The 
spot  size  and  radius  of  curvature  of  the  beam  are  calculated 
at  each  point  along  the  resonator  path.  An  eigenmode  mode 
of  the  resonator  is  characterized  by  a  beam  that  retraces 
itself  both  in  spot  size  and  radius  of  curvature  at  each 
point  along  the  beam  path.  Mirror  radii  and  spacing  were 
varied  until  an  eigenmode  mode  of  each  configuration  was 
established.  The  beam  diameter  at  the  KTP  crystal  and  at 
the  YAG  crystal  were  then  recorded.  These  numbers  could 
then  be  fed  back  into  equation  22  of  the  previous  section  to 
determine  the  expected  §reen  output. 


Computer  Results 


Two  resonator  designs  have  been  identified  that  meet 
the  needs  of  the  laser.  One  design  uses  a  plane  parallel 


9 


YAG  crystal  1cm  in  length.  In  this  design,  mirrors  Ml,  and 
M2  in  Figure  1  are  both  15cm  radius  of  curvature  mirrors 

separated  by  ~  20cm.  The  KTP  crystal  is  located  at  a  beam 
waist  on  the  order  of  0.005cm  radius.  The  beam  diameter  at 
the  YAG  crystal  is  on  this  order  of  0.1cm  and  mirror  M3  is  a 
50cm  radius  of  curvature  mirror.  In  this  design,  only  one 
beam  waist  occurs  inside  the  resonator,  namely  the  one  at 
the  KTP  crystal.  This  design  should  be  fairly  easy  to  align 
but  will  suffer  from  weak  mode  control. 

A  second  design  has  been  identified  that  has  two  beam 
waists.  In  this  design,  Ml  is  a  15cm  radius  of  curvature 
mirror  and  M2  is  a  25cm  radius  of  curvature  mirror.  A  beam 
waist  exists  between  these  mirrors  on  the  order  of  0.005cm 
radius.  The  beam  is  essentially  collimated  in  the  region 
between  mirror  M2  and  the  YAG  crystal.  The  crystal  is  cut 
with  a  convex  surface  of  radius  25cm.  Mirror  M3  is  a  15cm 
radius  of  curvature  mirror.  In  the  space  between  M3  and  the 
YAG  crystal,  a  beam  waist  will  also  exist.  This  resonator 
will  undoubtedly  be  very  difficult  to  align.  The  existence 
of  the  second  beam  waist  will  provide  a  location  for  an 
aperture  that  can  serve  as  a  mode  control  aperture.  The 
beam  diameter  at  the  YAG  crystal  in  this  resonator  is  on  the 
order  of  0.16mm,  somewhat  larger  than  desired. 

A  computer  program  was  written  to  analyze  equation  22 
using  the  beam  diameters  at  the  KTP  crystal  and  the  YAG 
crystal  determined  from  the  previous  code.  The  same  code 
was  also  used  to  predict  the  output  power  that  would  have 
been  observed  by  Durkin  and  Post.  This  serves  as 
verification  of  the  code.  Over  all,  there  is  fair  agreement 
between  the  code  and  the  results  reported  by  Durkin  and 
Post.  Computed  and  reported  values  are  within  50%  which, 
considering  the  number  of  parameters  that  are  simply  not 
known,  is  acceptable 

Consider  first  a  case  where  the  beam  spot  size  (radius) 
at  the  KTP  crystal  is  0.005cm.  At  the  YAG  crystal,  the  pump 
and  laser  beams  are  both  assumed  equal  and  have  spot  size 
0.062cm.  As  will  be  shown  shortly,  the  values  can  be 
achieved  with  a  resonator  having  a  single  beam  waist  at  the 
KTP  crystal.  Figure  3  shows  the  predicted  output  power  for 
this  case.  Pump  input  has  been  varied  up  to  15  watts  (16 
watts  are  available) .  10%  green  coupling  loss  is  assumed. 

The  resonator  loss  is  assumed  to  be  4%  and  the  YAG  crystal 
losses  1%.  These  are  reasonable  for  a  well  designed  set  of 
mirrors.  The  code  predicts  in  excess  of  2  watts  will  be 
obtained  using  these  components. 


10 


3.0 


Figure  3 

Predicted  output  using  single  waist 
resonator  shown  in  Figure  four. 

be  against  oscillation  of  higher  order 
to  calculate  the  resonator  performance 


The  beam 

radius  calculated 
as  a  function  of 
position  inside  a 
resonator  that 
achieves  these 
parameters  is  shown 
in  Figure  4 .  The 
beam  in  this  case 
exhibits  only  one 
waist  where  the  KTP 
crystal  is  located. 
The  locations  of 
the  other 

components  shown  in 
figure  1  are  also 
indicated  in  the 
figure.  It  is  not 
clear  how  stable 
this  resonator  will 
modes .  The  code  used 
assumed  a  lowest 
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d  ista  nee  (mm) 

Figure  4 

Beam  radius  as  a  function  of  position 
using  a  single  waist  resonator. 


1] 


order  mode  (gaussian  beam) .  The  code  is  perfectly  general 
and  can  be  used  to  calculate  any  other  modal  distribution 
with  only  simple  modifications.  Such  calculations  have  not 
at  this  time  been  carried  out. 

In  intracavity  doubling,  thermal  lensing  at  the  YAG 
crystal  and  heating  of  the  KTP  crystal  can  cause  the  beam  to 
find  an  alternate  path  inside  the  resonator  resulting  in 
ruduced  second  harmonic  output.  The  beam  may  also  oscillate 
in  hiegher  order  modes  that  are  not  efficiently  doubled.  To 
avoid  some  of  the  problems  above,  and  provide  good  rejection 
against  high  order  modes,  a  resonator  with  two  beam  waists 
can  be  used.  At  one  beam  waist  the  KTP  crystal  is  located. 
The  second  beam  waist  is  fitted  with  an  aperture.  The  size 
of  the  aperture  is  chosen  to  allow  only  the  lowest  gaussian 
mode  to  pass  with  no  losses,  in  this  manner,  high  order 
modes  are  rejected. 

An  example  of  a  two  waist  resonator  is  shown  in  Figure 
5.  In  this  case  the  spot  size  at  the  KTP  crystal  is 
essentially  as  before.  The  spot  size  at  the  YAG  crystal  is 
about  3%  smaller  and  not  surprisingly,  some  what  higher 
output  is  achieved  as  shown  in  Figure  6. 


d  ista  n  ce  (m  m  ) 

Figure  5 

Beam  radius  as  a  function  of  position 
using  a  symmetric  waist  resonator. 
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Laser  Experiments 


A  breadboard  prototype  of  the  laser  described  by  Durkin  and 

Post  was  assembled 
on  an  optical 
table.  The  laser 
used  a  fiber 
coupled  diode 
array  pump  source. 
Figure  7  shows  the 
output  of  the 
diode  array 
plotted  as  a 
function  of  input 
current.  Although 
the  diode 
manufacturer 
claims  up  to  12 
watts  output  at 
808nm,  testing  has 
failed  to  achieve 
more  than  ~  9.5 
watts  at  802nm. 
Also  found  to  be 
out  of  spec  was 
the  diode  laser 
array  output 
wavelength.  Again 
the  manufacturer 
claimed  the 
wavelength  to  be 


Figure  6 

Predicted  output  using  the  symmetrical 
waist  resonator  shown  on  Figure  5. 


Figure  7 

Laser  Diode  array  output. 


808nm  at  room 
temperature,  but 
testing  has  shown 
otherwise.  Figure 
8  shows  the 
wavelength  of  the 
diode  array 
recorded  as  a 
function  of 
temperarure  at  24 
amps  input 
current.  Typical 
output  is  on  the 
order  of  8.5  watts 
with  the  diode 
laser  heated  to 
achieve  >  805nm. 
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Figure  8 

Temperature  dependence  of 
diode  array  output. 


he  round  trip  losses.  For  future 
3%  has  been  adopted. 

With  a  KTP  crystal  the  beam  waist 


input  dkxfepover(v^tt) 

Figure  9 

YAG  laser  output 


The  breadboard 
laser  has  been 
investigated  as  a 
common  Nd:YAG  laser 
and  in  excess  of 
45%  efficiency 
demonstrated. 
Typical  data  are 
presented  in  Figure 
9  using  both  a  95% 
reflective  and  a 
90%  reflective 
output  coupler. 
Slope  efficiency 
and  threshold  have 
been  measured  for 
this  laser  and 
estimates  of  the 
losses  made  from 
this  data.  The 
estimates  range 
from  ~  1%  to  ~  4% 

design  work,  the 

location,  green 

output  was  readily 
obtained.  It  is 
convenient  to  run 
the  laser  with  a 
1 . 06um  output 
coupler  and  a  KTP 
crystal.  In  this 
manner  the 
circulating  power 
inside  the 
resonator  at  1.06um 
can  be  determined 
from  the  infrared 
output.  Green 
output  can  also  be 
measured  and 
compared  with  model 
predictions.  The 
results  are  given 
in  Table  I  below. 
Here,  green  output 
is  shown  for  two 
values  of  the 
circulating  power. 
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The  model  predictions  are  also  shown. 


Input 
Power : 

8.4  w 

losses: 

3% 

Beam 

@  KTP: 

Radius : 

0 . 11mm 
@  YAG: 

0 .25mm 

OUTPUT  COUPLER 

CIRCULATING  POWER 

GREEN  OUTPUT 

(REFLECTIVITY) 

(w) 

(mw) 

measured  calculated 

measured 

calculated 

.9 

51  63.3 

85 

134 

.944 

101  94.3 

300 

298 

1.0 

168.4 

1000 

951 

Table  I 

Summary  of  Green  Laser  Performance 

One  aspect  of  the  laser  operations  that  was  not  expected  was 
the  great  sensitivity  of  the  laser  to  small  alignment 
variations  and  difficulty  in  achieving  high  output 
reliability.  Discussion  with  P.  Durkin  led  to  the 
introduction  of  a  quarter  wave  plate  into  the  resonator. 

The  laser  became  far  more  stable  and  could  be  aligned  easily 
to  achieve  the  highest  output.  Best  results  to  date  have 
demonstrated  1.5  w  of  green  output  with  ~  10.5  w  of  pump 
diode  power  in  reasonable  agreement  with  expected 
performance . 

II. 2  Objective  2)  In-vitro  and  In-vivo  tests. 

As  already  indicated,  a  series  of  experimennts,  both 
in-vitro  and  in-vivo  were  planned  to  establish  the  safety  of 
the  frequency  doubled  YAG  laser.  Direct  comparison  with 
tissue  exposures  using  an  argon  ion  laser  at  identical 
parameters  -were  planned.  In-vitro  experiments  provide 
information  on  the  acute  response  of  the  tissue  to 
irradiation.  In-vivo  exposures  permit  investigation  in  a 
model  were  healing  response  can  also  be  evaluated.  Although 
not  all  the  experiments  planned  were  completed,  all  data 
indicate  tissue  response  to  the  frequency  doubled  YAG  laser 
to  be  largely  the  same  as  the  response  to  the  argon  ion 
laser.  This  result  is  largely  as  expected  and  supports 
extension  of  the  program  into  clinical  studies  in  Phase  II. 
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In-Vitro  Testing 


The  purpose  of  the  in-vitro  testing  is  compare  the  acute 
response  of  ocular  tissue  to  the  frequency  doubled  YAG 
laser.  Autopsy  animal  eyes  (pig)  were  mounted  in  a  container 
designed  for  this  purpose,16  For  laser  trabeculoplasty,  the 
pigmented  trabecular  meshwork  was  mounted  in  the  eye 
container.  Using  this  model,  typical  settings  for  the  laser 
were  500-700mW,  0.1  s,  and  100  urn  spot  size.  The  typical 
response  is  small  bubble  formation  and  mild  blanching.  Iris 
sections  were  also  mounted  in  the  eye  containers  to  test 
iridoplasty  and  iridectomy.  Iridoplasty  was  performed  with 
laser  settings  of  lOOum  spot  size,  500-700  mW,  0.1s.  Exposed 
tissues  were  examined  histologically.  The  area  of  thermal 
damage  was  assessed  with  a  micrometer. 

In-Vivo  Testing 


Use  of  the  frequency  doubled  YAG  laser  was  tested  in- 
vivo  in  rabbits.  New  Zealand  white  albino  rabbits  weighing 
between  3.5  to  4.5  kg  were  used  in  this  study.  All  aspects 
of  this  study  were  carried  out  in  accordance  with  the 
Association  for  Research  in  Vision  and  Ophthalmology  (ARVO) 
resolution  on  the  use  of  animals  in  research.  All 
experiment  protocols  were  reviewed  by  the  animal  use 
committee  at  the  Massachusetts  Eye  and  Ear  Infirmary  prior 
to  the  initiation  of  any  work.  Anesthesia  was  achieved  with 
intramuscular  injections  of  ketamine  hydrochloride  (35 
mg/ kg)  and  xylazine  hydrochloride  (5  mg/kg)  in  the  hind  leg 
area.  After  the  procedure,  the  eyes  were  treated  with 
iopidine  and  prednisone  acetate  eyedrops . 


To  study  the  tissue  effects  of  the  laser,  the  eyes  were 
enucleated  after  pentobarbitol  (25  mg/kg)  was  administered 
intravenously.  Histological  studies  were  performed  on  eyes 
harvested  both  immediately  after  the  laser  procedure  and  6 
weeks^  after  the  laser  procedure.  The  latter  to  assess  the 
wound  healing  response.  After  enucleation,  the  rabbits  were 
sacrificed  with  an  overdose  of  pentobarbitol. 

Laser  Iridotomy 


Immediately  upon  delivery  of  the  laser,  iridotomies  were 
performed  on  freshly  harvested  pig  eyes.  Treatment 
parameters  were  500  mw  laser  power,  0.1  sec  exposures,  100 
urn  laser  spot.  Direct  comparison  with  an  Argon  ion  laser 
operating  at  the  same  power  was  performed.  One  surprising 
result  has  been  the  effectiveness  of  the  frequency  doubled 
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YAG  laser  at  penetrating  the  tissue.  Although  quantitative 
data  are  not  sufficient  to  unequivocally  support  the 
conclusion,  it  appears  the  Nd : YAG  is  more  effective  at 
removing  the  tissue.  In  thin  sections  of  the  iris  a  single 
pulse  from  the  YAG  laser  could  drill  clear  through  the  iris . 
The  Argon  ion  laser  in  the  same  region  required  up  to  5 
pulses  to  drill  clear  through  the  iris.  This  result  was 
totally  unexpected.  More  experiments  are  clearly  needed  to 
verify  this  result. 

As  outlined  on  the  animal  protocol,  the  animals  were 
anesthetized  by  intra-muscular  injection  of  ketamine 
hydrochloride  (50mg/kg)  and  Xylazine  (2mg/kg)  and  the  eyes 
topically  anesthetized  with  proparacaine  hydrochloride.  The 
animals  were  sacrificed  by  IV  injection  of  pentobarbital 
sodium  while  still  anesthetized.  Samples  were  harvested  for 
light  microscopy,  histology,  and  scanning  electron 
microscopy.  Figure  10  shows  a  scanning  electron  micrograph 
of  a  typical  rabbitfs  eye  treated  with  both  the  diode  pumped 
frequency  doubled  YAG  laser  and  the  argon  ion  laser.  Patent 


FIGURE  10 

Scanning  electron  micrograph  showing  a  planar  view  of  the  iris . 
Patent  iridectomies  were  created  with  argon  laser  (arrow)  and 
DPFDNd: YAG  laser  (arrow  head)  (magnification  X32) . 

iridotomies  were  created  with  both  lasers.  Both  lasers  were 
ibra t ed  to  0.5  w  at  the  treatment  site.  Laser  spot  size 
was  in  both  cases  0.1  mm  and  pulse  duration  was  0.1  sec. 
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Samples  from  similarly  treated  eyes  were  prepared  and 
examined  by  thin  section  light  microscopy,  scanning  electron 
microscopy  and  by  gross  histology. 

For  thin-section  light  microscopy  enucleated  eyes  were 
fixed  in  10%  formalin,  dissected,  and  dehydrated  in  ethanol 
up  to  95%.  The  specimens  were  then  embedded  in  Historesin 
and  sectioned  at  3  urn  with  glass  knife  using  Historange 
(LKB) .  Serial  sections  throughout  the  area  of  iridectomy 
were  performed  and  the  sections  were  stained  with 
hematoxylin  and  eosin.  Figure  11  shows  typical  crossection 
views  of  two  iridotomies.  The  one  on  the  left  (A)  was 
produced  using  the  argon  ion  laser  while  the  one  on  the 
right  was  produced  using  the  diode  pumped  laser  (D) .  The 
zone  of  thermal  damage  in  each  case  is  indicated  by  the 
arrows  and  is  largely  the  same  in  both  cases.  Twenty 
sections  from  eight  iridectomies  in  each  group  were  examined 


FIGURE  11 

Light  micrograph  showing  cross  section  view  of  two 
iridectomies  produced  by  the  argon  laser  (A)  on  the  left  and 
the  DPFDNd: YAG  laser  (D)  on  the  right.  Note  thermal  damage 
zone  in  the  iris  by  the  argon  laser  (arrow)  and  by  the 
DPFDNd: YAG  laser  (arrow  head)  (Hematoxylin  and  eosin, 

magnification  X35) . 

for  thermal  damage  of  the  collateral  tissues  using  a 
calibrated  micrometer  reticle.  The  statistical  significant 
differences  between  the  groups  were  calculated  using  the 
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unpaired  t-test.  The  mean  zone  of  thermal  damage  were  found 
to  be  178  ±  19  |im  for  iridotomies  produced  using  the  diode 

pumped  laser,  and  163  ±  24  \un  for  those  created  using  the 
argon  ion  laser. 

For  scanning  electron  microscopy,  enucleated  eyes  were 
fixed  in  1/2  strength  Karnovsky's  fixative,  dissected  and 
processed  by  dehydrating  through  a  graded  series  of  ethanol. 
The  tissue  was  then  dried  in  hexamethyldisilazane  for  one 
hour  and  air  dried  overnight.  The  dried  pieces  were  mounted 
and  then  sputter  coated  with  gold  on  Balzers  SCD  040.  The 
specimens  were  then  examined  and  photographed  on  a  scanning 
electron  microscope  (Amray  AMR  1000A)  .  Figure  12  shows  a 
scanning  electron  micrograph  of  an  iridectomy  produced  by  an 
argon  ion  laser  while  a  similar  micrograph  of  an  iridectomy 
produced  using  the  diode  pumped  laser  is  shown  in  Figure  13. 
The  zone  of  thermal  damage  is  clearly  identified  in  both 
cases . 


'  FIGURE  12 

Scanning  electron  micrograph  showing  an  iridectomy  produced 
by  the  argon  laser.  Thermal  damage  zone  in  the  iris  indicated 
by  arrow  (magnification  X300) . 
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FIGURE  13 

Scanning  electron  micrograph  showing  an  iridectomy  produced 
by  the  DPFDNd: YAG  laser.  Thermal  damage  zone  in  the  iris 
indicated  by  arrow  head  (magnification  X300) . 

Laser  Iridotomy  Results 

The  diode  pumped  frequency  doubled  YAG  (DPFDNd: YAG) 
laser  successfully  created  patent  iridectomy  in  all  animal 
eyes  treated.  Both  the  DPFDNd: YAG  laser  and  the  argon  laser 
produced  effects  consistent  with  a  thermal  process.  Gross 
and  histologic  evaluation  showed  similar  thermal  effects  in 
iris  tissues  for  both  the  DPFDNd: YAG  and  the  argon  laser.  A 
concentric  zone  of  coagulation  necrosis  was  noted  to  occur 
and  the  lesions  produced  by  both  lasers  produced  a  well- 
defined  damage  to  the  iris  tissue.  The  mean  zone  of  thermal 
damage  was  178  um  +/-  19  for  the  DPFDNd:YAG  laser  and  163  um 
+/-24  for  the  argon  laser  (NS) . 
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Laser  Trabeculoplasty 


The  slit  lamp  delivery  system  used  in  the  studies 
described  here  lacked  an  effective  illumination  source.  For 
the  iridotomy  work  described  above,  this  is  a  tolerable 
shortcomming  since  the  iris  can  be  illuminated  with  an 
external  source.  For  trabeculoplasty  however  this  poses  a 
major  problem.  Good  illumination  is  needed  at  the  trabecular 
meshwork  in  order  to  ensure  a  proper  exposure.  In  the  case 
of  in  vitro  studies  where  the  tissue  samples  are  mounted 
with  the  trabecular  meshwork  exposed,  the  lack  of  an 
ilunination  source  is  again  tolerable.  In  vivo  studies  were 
considered  risky  however.  Rather  than  taking  the  risk  of 
sacrificing  animals  for  only  marginal  data,  the  in-vivo 
studies  were  dropped. 

Freshly  harvested  pig  eyes  were  dissected  and  tissue 
sections  mounted  in  the  container  previously  mentioned  with 
sections  of  the  trabecular  meshwork  exposed.  A  series  of 
single  pulse  laser  exposures  were  then  performed  with  both 
the  diode  pumped  laser  and  the  argon  ion  laser.  Laser 

parameters  were  500-700mw,  0.1  sec  exposure,  and  100  fim  spot 
size.  The  acute  response  of  the  tissue  was  largely  the  same 
for  both  lasers.  In  each  case,  tissue  blanching  and  bubble 
formation  were  observed.  Light  microscopy  of  typical 
exposures  revealed  similar  tissue  response  to  both  lasers. 

Retinal  Exposure 


The  wavelength  of  the  diode  pumped  frequency  doubled 
YAG  laser  (532nm)  is  close  to  a  peak  in  the  absorption 
spectra  of  oxyhemoglobin.  As  a  result,  the  laser  radiation 
is  strongly  absorbed  by  vascular  tissue.  It  is  reasonable 
then  to  expect  that  this  laser  will  make  a  good 
photocoagulation  source.  Retinal  tissue  is  commonly  treated 
by  photocoagulation  for  conditions  such  as  macular 
degeneration,  the  leading  cause  of  blindness. 

Although  it  was  not  originally  proposed  as  part  of  the 
Phase  I  statement  of  work,  retinal  exposures  were  performed 
in-vitro  in  freshly  harvested  pig  eyes.  As  before,  the  acute 
tissue  response  to  the  diode  pumped  laser  was  compared  to 
the  response  to  the  argon  ion  laser.  Single  pulse  laser 
exposures  of  0.1  sec  duration,  500  mw,  and  100  [im  spot  size 
were  effected  on  dissected  retinal  sections  of  the  eyes. 

Both  the  diode  pumped  laser  and  the  argon  ion  laser  were 
used.  Similar  tissue  response  were  observed  in  both  cases. 
While  this  result  is  encouraging,  it  is  imperative  that  in- 
vivo  tests  be  carried  out  since  it  is  in  oxyhemoglobin  rich 
tissue  that  the  real  response  of  the  tissue  to  each  of  the 
lasers  will  be  evident. 
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Laser  Suturelysis 


Laser  suturelysis  is  a  common  adjunct  procedure  to 
sclerostomy.  It  is  common  during  a  sclerostomy  procedure  to 
apply  a  suture  at  the  sclerostomy  site.  The  conjuctiva  is 
then  replaced  over  the  sclerostomy  site  and  the  suture  is 
cut  by  exposure  to  pulses  from  an  argon  ion  laser.  To  test 
the  effectiveness  of  the  diode  pumped  laser  for  use  in 
suturelysis,  a  white,  #5  suture  was  placed  under  the 
conjuctiva  above  the  sclera  of  a  harvested  eye.  The  suture 
was  then  exposed  to  repeated  laser  pulses  of  0.1  sec 
duration,  500  mw  and  0.1  mm  spot  size.  The  suture  was  cut 
with  11  pulses.  There  was  no  damage  to  the  overlying 
conjuctiva  and  the  suture  was  easily  removed.  This  rather 
simple  experiment  is  a  more  significant  result  than  may  at 
first  be  perceived.  The  portable  nature  of  the  diode  pumped 
laser  makes  this  laser  easily  available  at  any  surgical  site 
allowing  the  ophthalmologist  to  take  advantage  of  this 
procedure  withot  the  need  to  move  the  patient  to  a  site 
where  an  argon  ion  laser  is  available. 


II. 3.  Objective  3)  Investigation  of  Rectangular  Core  Fiber 


Diode  lasers  are  fabricated  in  the  form  of  long  narrow 
strip  emitters.  Typical  high  output  power  devices  are 
capable  of  providing  lOmw/um  of  stripe.  Thus  to  obtain 
output  power  on  the  order  of  ws,  several  hundred  micrometer 
stripes  are  needed.  If  such  a  laser  is  coupled  into  an 
optical  fiber  of  circular  cross  section,  the  initial 
brightness  of  the  diode  laser  is  greatly  reduced.  Roughly, 
the  diode  output  power  increases  linearly  with  increasing 
stripe  dimension,  but  the  power  per  unit  area  from  the  fiber 
decreases  as  the  square  of  the  same  dimension.  The  result  is 
a  net  loss  of  system  brightness. 

If  a  rectangular  core  fiber  is  used,  higher  brightness 
is  maintained  limited  only  by  the  aspect  ratio  of  the  core. 

A  number  of  preliminary  experiments  using  rectangular  core 
fibers  were  performed.  Two  fibers  were  investigated.  These 
had  core  aspect  ratios  of  10:1  and  20:1.  Both  were  of 
numerical  aperture  NA=  0.14. 
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Figure  14 

Cylindrical  lens  on  fiber  tip 
approximating  a  hyperbolic  shape. 


dimension  of  the  rectangular  core  as  shown  in  Figure  14. 
Ideally,  the  shape  of  the  lens  is  given  by  a  hyperbola. 

While  it  is  difficult  to  achieve  a  hyperbola  exactly,  a 
hyperbolic  shape  can  be  approximated  in  two  steps.  First  the 
fiber  is  fabricated  into  a  sharp  chisel  point.  Next  the 
point  is  rounded  to  a  radius  on  the  order  of  Spun.  The 
resulting  curve  will  approximate  the  desired  hyperbolic 
shape.  Fabrication  of  lenses  of  this  type  was  carried  out  by 
FFI  staff  on  ordinary  (circular  core)  multimode  fiber  prior 
to  the  STTR  Phase  I  effort.  Figure  15  shows  a  typical  fiber 
section.  The  shape  clearly  approximates  a  hyperbola  as 
described  above. 

Single  fiber  experiments  using  rectangular  core  fiber 
have  been  completed.  Measured  transmission  of  the  radiation 
emitted  from  the  diode  bar  is  in  the  range  of  48%-72%.  As 
might  be  expected  the  transmission  of  the  fiber  was  highly 
sensitive  to  angular  misalignment  of  the  fiber  core  with 
respect  to  the  diode  stripe.  It  was  observed  that  a  5° 
misalignment  error  resulted  in  a  3dB  output  drop. 

The  20:1  aspect  ratio  fiber  was  drawn  to  a  core 
dimension  (long)  of  180um.  The  same  80um  diode  was  coupled 
into  this  fiber.  At  best  alignment,  48%  of  the  diode  output 
was  transmitted  through  the  fiber.  Thus,  the  output  from  the 


The  10:1 
fiber  was  drawn 
to  a  core 
dimension 
(long)  of 
200um.  The 
fiber  was  then 
coupled  to  an 
810nm  diode 
laser  of  80um 
stripe  length. 
The  numerical 
aperture  of 
this  is  similar 
to  that  of 
typical  laser 
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the  direction 
of  the  laser 
stripe.  Next  a 
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lens  was 
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the  end  of  the 
fiber  in  the 
direction  of 
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20:1  aspect  ratio  fiber  exhibits  approximately  16  times 
higher  brightness  than  the  same  output  power  from  a  circular 
core  fiber  of  diameter  180um  and  having  the  same  numerical 
aperture  as  the  rectangular  fiber. 
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Figure  15 

Measured  profile  of  cylindrical 
lens  on  fiber  tip 


The  polarization  maintaining  properties  of  the  fiber 
were  also  investigated.  The  output  from  diode  lasers  is 
typically  linearly  polarized  with  the  electric  field  vector 
oriented  along  the  plane  of  the  stripe.  In  the  absence  of 
angular  misalignment  it  is  expected  that  reflections  in  the 
rectangular  core  fiber  will  not  rotate  the  orientation  of 
the  electric  field  vector.  As  a  result,  the  polarization  of 
the  radiation  could  remain  linear. 

Using  a  Gian  Prism  polarizer,  the  polarization  of  the 
diode  source  was  analyzed  and  found  to  be  linear  with  >10:1 
contrast  ratio  of  the  two  polarizations.  The  output  from  the 
rectangular  core  fiber  was  analyzed  using  the  same  prism  and 
found  to  be  largely  linearly  polarized  with  a  contrast  ratio 
of  the  two  polarizations  in  excess  of  8:1.  At  the  time  the 
experiments  were  carried  out  there  was  no  way  to  orient  the 
fiber  accurately  with  respect  to  the  diode  stripe.  One  may 
expect  the  contrast  ratio  of  the  two  polarizations  to  be  at 
least  8:1  and  probably  higher. 
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III.  Discussion 


The  Phase  I  objectives  have  been  largely  met.  The  laser 
design  described  by  Durkin  and  Post  has  been  found  robust 
enough  to  be  used  in  a  medical  environment.  A  prototype 
laser  of  this  design  was  used  in  a  series  of  in-vitro  and 
in-vivo  experiments.  These  experiments  have  established  the 
safety  of  the  laser  for  use  in  the  management  of  glaucoma. 
Analisys  of  the  laser  design  has  been  carried  out  and  the 
use  of  rectangular  core  optical  fibers  to  achieve  a  high 
brightness  fiber  coupled  diode  source  has  been  investigated. 
The  results  in  all  cases  has  been  consistent  with  initial 
expectations . 

The  most  significant  result  of  the  work  is  verification 
of  the  assumption  that  the  cw  diode  pumped  frequency  doubled 
YAG  laser  effects  a  tissue  respose  nearly  identical  to  that 
observed  with  an  argon  ion  laser  at  identical  power,  spot 
size  and  pulse  duration.  In-vitro  exposure  of  ocular  tissue 
with  both  lasers  showed  an  acute  response  consistent  with  a 
thermal  process.  A  well  defined  concentric  zone  of 
coagulation  necrosis  was  noted  in  the  lesions  produced  with 
both  lasers.  The  mean  zone  of  thermal  damage  was 
statistically  identical  for  exposures  to  the  two  lasers.  All 
tests  were  performed  using  typical  therapeutic  laser 
parameters,  suggesting  the  treatment  settings  for  the 
frequency  doubled  YAG  laser  in  clinical  use  will  be 
essentially  the  same  as  those  commonly  used  in  argon  ion 
laser  procedures.  This  result  will  enhance  the  acceptability 
of  the  laser  to  the  ophthalmic  community. 

The  use  of  the  frequency  doubled  YAG  laser  to  treat 
retinal  tissue  and  for  laser  suturelysis  were  also 
investigated.  This  was  not  part  of  the  initial  work  plan, 
but  extends  the  potential  of  the  laser  to  encompass  all 
ophthalmic  applications  currently  performed  with  the  argon 
ion  laser.  Continuation  of  both  of  these  into  clinical 
studies  will  also  be  carried  out  in  Phase  II. 

The  modeling  of  the  laser  design  has  provided  a  good  • 
understanding  of  the  laser  dynamics.  In  particular,  the 
modeling  was  found  to  be  in  good  agreement  with  observed 
results.  It  also  suggested  that  a  reliable  2.0  w  green  laser 
can  be  obtained  with  15  w  of  input  808  nm  pump  power.  A  1.5 
w  green  laser  is  currently  being  commercialized  through 
licensing  agreements  with  CeramOptec,  a  medical  device 
manufacturer.  The  laser  modeling  effort  will  be  continued 
into  Phase  II  where  scaling  to  higher  output  powers  will  be 
considered. 

The  efficiency  of  a  laser  pumped  laser  is  often  limited 
by  the  brightness  of  the  pump  source.  If  the  pump  source  is 
delivered  by  means  of  an  optical  fiber,  it  is  the  optical 
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properties  of  the  fiber  (core  size  and  numerical  aperture) 
that  limit  the  brightness  of  the  source.  In  the  case  of 
diode  laser  sources,  one  has  what  is  essentially  a  line 
source.  Coupling  into  a  circular  core  fiber  nescessarily 
reduces  the  source  brightness. 

The  use  of  a  rectangular  core  geometry,  permits  the 
designer  to  maintain  a  larger  overall  brigthness.  Two  fibers 
were  fabricated  and  tested  during  Phase  I.  Cylindrical 
lenses  were  successfully  polished  onto  the  fiber  tips.  The 
lenses  were  shaped  to  approximate  a  hyperbola.  A  hyperbolic 
shape  is  the  ideal  shape  for  coupling  a  large  diverging 
source  such  as  a  laser  diode.  All  experiments  performed  in 
Phase  I  involved  the  use  of  individual  fibers.  The  extension 
to  the  use  of  high  power  laser  diode  arrays  will  be 
considered  in  Phase  II. 

In  addition  to  the  ability  to  provide  a  higher  source 
brightness,  rectangular  core  fibers  will  not  randomize  the 
state  of  polarization  of  the  radiation  from  the  diode  laser. 
The  experiments  carried  out  during  Phase  I  showed  at  least 
an  8:1  contrast  ratio  of  the  two  linear  polarizations  at  the 
distal  end  of  the  fiber.  This  result  is  probably  not  a 
limit,  but  the  result  of  improper  fiber  alignment.  The 
ability  to  maintain  linear  polarization  opens  the  way  for 
polarization  combining  of  two  fiber  coupled  diode  arrays.  It 
also  can  be  exploited  to  pump  polarization  sensitive 
absorption  bands  in  commonly  used  crystals  such  as  Nd  doped 
vandates.  Polarization  combining  of  fiber  coupled  arraya  is 
an  objective  of  the  Phase  II  program. 

IV.  Phase  II  Objectives. 


The  work  performed  under  Phase  I  has  largely  met  the 
objectives  presented  and  serves  as  a  good  starting  point  for 
Phase  II.  There  are  four  major  objectives  of  the  Phase  II 
work.  These  are  extensions  of  the  work  begun  under  Phase  I 
and  will  lead  to  a  number  of  commercial  products.  The 
objectives  are 

a)  Demonstration  of  the  effectiveness  of  the  diode 
pumped  frequency  doubled  YAG  laser  for  the  management 
of  both  glaucoma  and  retinal  abnormalities. 

b)  Scale  the  existing  1.5  w  output  laser  to  output  of 
the  order  of  3.0  w. 

c)  Scale  laser  power  beyond  3.0  w  with  a  goal  15  w  or 
greater . 
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d)  Demonstrate  very  high  brightness  fiber  coupling  of 
diode  bars  to  power  densities  in  excess  of  150  Kw/cm**2 

through  a  single  100  pun  core  fiber  of  0.2  numerical 
aperture . 

The  rationale,  potential  commercial  applications,  and 
probability  of  success  of  these  objectives  is  now  discussed. 


Demonstrate  the  effectivness  of  the  Diode  Pumped  Frequency 
Doubled  cw  YAG  Laser 

During  the  Phase  I  effort,  a  low  power  diode  pumped 
frequency  doubled  cw  YAG  laser  was  assembled  and  used  to 
perform  in-vitro  and  in-vivo  iridectomies  and 
trabeculoplasties.  The  results,  presented  at  the  Advanced 
Research  in  Vision  and  Ophthalmology  (ARVO)  meeting,  showed 
the  acute  tissue  response  obtained  using  this  laser  to  be 
essentially  identical  to  that  obtained  using  an  argon  ion 
laser.  Based  on  that  work  and  other  considerations,  FFI  has 
applied  for  a  license  to  use  the  Air  Force  technology  and 
has  begun  commercializing  the  low  power  laser  developed 
under  Phase  I . 

Extension  of  this  work  to  cover  all  areas  of 
ophthalmology  and  demonstration  of  the  laser  in  a  clinical 
environment  are  clearly  indicated  for  the  Phase  II  effort.  A 
key  objective  of  the  Phase  II  effort  will  be  to  demonstrate 
in  a  series  of  clinical  trials,  the  efficacy  of  the  laser  in 
the  treatment  of  glaucoma  as  well  as  retinal  disease.  With 
the  addition  of  retinal  indications  the  laser  becomes  a 
powerful  tool  to  the  ophthalmologist.  Given  the  similarity 
between  the  acute  tissue  response  to  the  frequency  double 
YAG  laser  and  that  to  the  argon  ion  laser,  one  expects  a 
high  probability  of  success  using  the  frequency  doubled  YAG 
laser.  In  the  past  others  have  used  an  arc  lamp  pumped 
frequency  doubled  YAG  laser.  There  are  reports  of  problems 
with  stability  and  beam  focusing  using  the  arc  lamp  pumped 
laser  that  are  not  well  documented  but  have  resulted  in  some 
objections.  The  diode  pumped  laser  used  in  Phase  I  was 
stable,  the  only  instability  being  due  to  thermal  changes. 
The  output  of  the  laser  was  typically  coupled  to  a  50pm  core 
fiber  whose  numerical  aperture  was  0.1.  Transmission  of  the 
laser  radiation  through,  the  fiber  was  typically  in  the  range 
of  80  to  85%  of  the  input  power.  Any  hot  spots  that  may  have 
exited  in  the  beam  are  quickly  homogenized  after  traversing 
one  or  two  meters  of  the  fiber.  It  is  hard  then  to  imagine 
what  the  earlier  objections  might  have  been  and  one  expects 
a  high  probability  of  success  in  meeting  this  objective. 

The  Massachusetts  Eye  and  Ear  Infirmary  will  conduct 
both  the  glaucoma  and  the  retinal  clinical  trials.  Patients 


27 


will  be  recruited  from  the  Boston  area.  Patient  ethnic 
distribution  will  reflect  the  local  distribution.  Patients 
selected  for  treatment  will  be  followed  up  for  a  period  of 
at  lest  six  months.  Analysis  of  the  results  will  be  compared 
to  retrospective  argon  ion  data. 

Laser  Development:  Scale  Laser  Power  to  3.0  w 

The  Phase  I  effort  was  carried  out  using  a  laser  whose 
output  was  limited  to  about  1.5  w.  While  for  most  ophthalmic 
applications  this  is  sufficient  power,  equipment  such  as 
slit  lamps  can  introduce  severe  power  penalties  making  the 
laser  performance  marginal  in  some  cases.  Scaling  of  the 
laser  to  higher  output  power  would  remove  any  limitations. 
The  first  milestone  would  be  output  in  the  range  of  3.0  w. 
This  target  was  chosen  since  it  would  bring  the  laser  output 
in  line  with  that  of  many  argon  ion  lasers  and  output  at 
this  level  has  already  been  demonstrated  by  researchers  at 
PL.  It  is  interesting  to  note  that  the  output  of  typical 
argon  ion  lasers  is  approximately  equally  divided  between 
two  wavelengths.  These  are  514  nm  and  488nm.  For  many 
applications,  particularly  retinal  applications  the  488nm 
radiation  is  actually  detrimental  and  must  be  filtered.  For 
all  those  applications  then,  the  1.5  w  laser  is  actually 
equivalent  to  a  3.0  w  argon  ion  laser. 

It  is  expected  that  the  3.0  w  milestone  will  be 
achieved  very  early  in  the  Phase  II  effort  and  that  a  3.0  w 
laser'  will  be  commercialized  beginning  around  the  end  of  the 
first  year  of  the  Phase  II  effort.  CeramOptec  has  committed 
to  fund  the  commercialization  of  a  3.0  w  laser. 


Laser  Development:  Scale  Laser  Power  Beyond  3.0  w 


The  list  of  applications  of  argon  ion  lasers  in  areas 
other  than  ophthalmology  is  extensive.  It  includes 
dermatology,  otolaryngology,  and  general  surgery.  For  many 
of  the  applications  however  higher  powers  are  required. 

Argon  ion  lasers  of  output  in  excess  of  15  w  are  very  costly 
and  require  significant  maintenance  and  service  facilities. 
For  this  reason,  the  lasers  have  not  gained  much  popularity 
among  practitioners.  Arc  lamp  excited  frequency  doubled  YAG 
lasers  repetitively  Q-switched  at  high  repetition  rates 
provide  output  up  to  about  50  w.  The  lasers  however  are 
neither  small  nor  inexpensive.  A  40  w  laser  from  LaserScope 
lists  for  $140k.  It  is  unlikely  that  this  laser  will  drop 
significantly  in  price.  Arc  lamp  excited  lasers  are  a  mature 
technology  without  the  potential  for  a  breakthrough  that  may 
drive  the  costs  down.  The  cost  of  diode  pumped  lasers  on  the 
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other  hand  is  largely  dictated  by  the  cost  of  the  pump 
diodes,  and  these  do  have  the  potential  for  undergoing  a 
significant  reduction  in  cost.  For  this  reason  it  makes 
sense  to  investigate  the  possibility  of  scaling  even  beyond 
what  has  been  demonstrated  thus  far.  Scaling  of  the  laser 
beyond  the  3  w  output  currently  demonstrated  is  an  objective 
of  the  Phase  II  effort.  During  the  first  year  effort  the 
problems  to  be  overcome  will  be  identified  and  resolved. 
Laser  output  in  the  range  10  to  15  w  is  an  objective  for  the 
second  year  effort.  Commercialization  of  these  lasers  will 
begin  at  the  end  of  the  Phase  II  effort. 


High  Brightness  Fiber  Coupled  Diode  Laser  Bars 

An  area  that  has  emerged  as  particularly  valuable  is 
the  development  of  very  high  brightness  fiber  coupled  diode 
bars.  As  part  of  the  Phase  I  effort,  the  use  of  proprietary 
rectangular  core  fibers  was  investigated  as  a  means  of 
increasing  the  brightness  of  fiber  coupled  diode  laser 
sources.  It  was  thought  at  the  beginning  of  the  program  that 
the  brightness  of  fiber  coupled  pump  diode  laser  sources 
would  ultimately  limit  laser  performance.  This  has  not 
proven  to  be  the  case,  limitations  have  resulted  from  other 
causes.  Still,  as  the  Phase  I  effort  has  progressed,  it 
appears  that  the  use  of  these  proprietary  fibers  will  result 
in  high  brightness  devices.  These  would  then  find 
applications  as  laser  pump  sources  for  laser  materials  of 
low  gain  crossection  such  as  thulium.  They  would  also  find 
applications  as  pump  sources  for  fiber  lasers.  Industrial 
applications  that  require  very  high  brightness  are  also  a 
potential  area  for  their  use.  For  these  reasons  continuation 
of  this  development  is  an  objective  of  Phase  II. 

Using  a  proprietary  technique  ten  circular  core  lensed 
fibers  can  be  produced  simultaneously  and  coupled  to  a  ten 
emitter  diode  bar.  Typical  values  of  the  transmitted  power 
through  a  one  meter  length  of  fiber  are  in  the  range  65%  to 
75%  of  the  power  emitted  by  the  bar.  These  fiber  coupled 
diode  bars  are  used  as  the  pump  source  for  the  1.5  w  green 
laser  currently  undergoing  commercialization.  Extension  of 
this  fabrication  technique  to  the  use  of  the  rectangular 
cross  section  fibers  is  an  objective  of  the  Phase  II  effort. 

Rectangular  core  fibers  can  be  used  to  fabricate  fiber 
coupled  illumination  sources  of  very  high  brightness 
(w/cm**2/sr) .  At  equal  transmitted  power  and  numerical 
aperture,  the  brightness  at  the  distal  end  of  a  rectangular 
core  fiber  is  much  greater  than  that  from  a  circular  fiber 
of  core  diameter  equal  to  the  long  rectangular  dimension. 

The  higher  brightness  can  be  exploited  to  couple  multiple 
rectangular  core  fibers  together.  A  procedure  for  coupling 
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multiple  fibers  together  was  discussed  in  the  Phase  I 
proposal . 

A  second  significant  benefit  of  rectangular  core  fibers 
relates  to  their  ability  to  transmit  linearly  polarized 
radiation  without  significant  depolarization.  Tests  have 
been  carried  out  using  diode  lasers  whose  output  is  linearly 
polarized  with  the  electric  field  vector  transverse  to  the 
laser  stripe.  It  is  possible  then  to  use  the  polarization 
maintaining  property  to  combine  the  outputs  of  two  linear 
fiber  bundles  and  obtain  at  least  a  factor  of  1.6  further 
increase  in  coupled  power.  Alternatively,  the  polarization 
maintaining  properties  may  be  exploited  in  laser  pump 
sources  for  gain  media  whose  pump  absorption  spectra  depend 
strongly  on  the  orientation  of  the  electric  field  vector  of 
the  pump  radiation. 

V.  Conclusions  and  Recommendations 

The  laser  design  described  by  Durkin  and  Post  can  be 
adapted  to  provide  laser  output  suitable  for  therapeutic 
applications  in  ophthalmology.  A  prototype  laser  built  at 
FFI  was  successfully  used  both  in  vitro  and  in  vivo  to 
perform  surgical  procedures  commonly  used  in  the  management 
of  glaucoma.  The  potential  low  cost  and  portable  nature  of 
the  laser  ensures  the  success  of  this  laser  commercially.  In 
addition,  access  to  laser  treatment  can  be  expanded  to 
include  those  patients  that  have  limited  mobility  or  that 
are  located  in  remote  regions  where  the  equivalent  argon  ion 
lasers  may  not  be  readily  available. 

All  data  demonstrated  that  tissue  response  to  the 
frequency  doubled  YAG  laser  radiation  is  largely  equivalent 
to  the  response  of  the  tissue  to  the  argon  ion  laser 
radiation  at  similar  output  power,  pulse  duration,  and  spot 
size.  The  Phase  I  work  concentrated  on  procedures  commonly 
used  in  the  management  of  glaucoma.  The  great  similarity 
between  the  tissue  response  to  the  frequency  doubled  YAG 
laser  and  to  the  argon  ion  laser  supports  expanding  the 
indications  for  this  laser  to  encommpass  all  ophthalmic  ■ 
conditions  commonly  treated  with  the  argon  ion  laser. 
Expansion  of  the  work  to  include  all  ophthalmic  indications 
currently  addressed  with  the  argon  ion  laser  is  recommended 
as  part  of  the  Phase  II  Work  Statement. 

While  animal  models  can  be  used  to  establish  the  safety 
of  a  laser  treatment,  e'fficacy  must  be  demonstrated  in 
clinical  studies.  Based  on  the  results  of  the  Phase  I  study, 
clinical  trials  of  procedures  related  to  the  management  of 
glaucoma  are  indicated.  The  retinal  data  is  at  this  time 
only  preliminary,  and  clinical  studies  in  this  area  will 
have  to  wait  until  the  results  of  the  in  vitro  and  in  vivo 
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studies  proposed  as  part  of  the  Phase  II  effort  have  been 
completed  and  analyzed. 

One  key  element  of  the  laser  design  described  by  Durkin 
and  Post  is  the  potential  to  scale  the  laser  to  higher 
output  power.  Higher  output  power  will  result  in  expanded 
application  of  the  laser  into  other  medical  areas.  These 
include  dermatology,  otolaryngology,  and  minimally  invasive 
surgery.  Scaling  of  the  laser  design  to  output  power  in 
excess  of  10  watts  is  recommended  for  the  Phase  II  effort. 
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